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Abstract
Dust generation from Plasma Facing Components (PFC) is a problem for tokamaks as they
approach suitable reactor conditions. Tungsten dust is especially detrimental in the core,
due to associated high Z bremsstrahlung power losses. As Tungsten is a primary candidate
for PFC materials in large projects such as ITER, this remains a pressing issue. In order
to better understand dust dynamics in tokamaks, a dust injection experiment is proposed
for the Saskatchewan Torus-Modified (STOR-M). This experiment will utilize calibrated,
spherical tungsten micro-particles. A known mass of these tungsten micro-particles are to
be injected into the STOR-M tokamak, with control over the position of the dust plume.
This will enable future observation and study of dust dynamics within STOR-M.
In preparation for this experiment, a new dust injector has been designed, based
on the fast gas valve for the University of Saskatchewan Compact Torus Injector and
subsequently fabricated. An experimental test apparatus was developed to characterize
the dust injector. In the experiment, nitrogen gas and dust particles are injected into a
test vacuum chamber under various dust injector parameters. Vacuum chamber pressures
range from 10−4 - 10−5 Torr, which is within the operation range of STOR-M. These
particles are made visible via laser light scattering and then imaged with a high-speed
camera. The collected raw image data with 12-bit intensity resolution was then processed
and analysed. This analysis fully characterizes the dust injector in terms of the following
parameters: evolution of the injector dust plume, dust particle velocities, amount of gas
injected and injected dust mass. These parameters may be controlled by selection of the
sieve size which particles pass through and the voltage of a capacitor bank in an electric
circuit, used to activate the injector.
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1.1 A New Source of Energy
What fundamentally drives this project is the same as many others in the field of plasma
physics. Plasma is considered the fourth and most abundant form of matter in the universe
and thus, understanding its behaviour is paramount to understanding many phenomena
in our universe [1]. Furthermore, fusion energy holds the promise to supply humanity
with the energy required to sustain our current ways of life, and carry ourselves forward
through to a new age of human endeavour.
In our modern world there is a constant demand for energy, a staggering 80% of which is
met by fossil fuels [2, 3]. Based on present known supply, when inferring future usage rates,
one arrives at the conclusion that oil and natural gas supplies will start to decline within
50-60 years from the current date [3]. However, one must insist on the fact that these
are consumption models, and as such, are dependant on proper initial conditions. The
location and extraction of new reserves is obviously one of these conditions. Confidence
in these models is indeed, further enhanced by the decline in new oil discoveries over the
past 40 years [4].
Energy consumption trends are currently on the rise (Figure 1.1). The International
Energy Agency (IEA) is anticipating this increase in demand, and that fossil fuels will fill
the vast majority of it until 2030 [5]. The increasing short term demand on fossil fuels
cannot stand to help humanities situation, with an ever diminishing primary resource. If
1
one takes a pessimistic approach, and sees that our dependence on fossil fuels continues to
grow as our supplies dwindle, a very bleak mood is set for the future. What is certain, is
that a new energy scheme is needed. We just don’t know how soon, or how gradual the
change will be.
Figure 1.1: World Energy Supply [6].
1.2 Why Fusion?
Fusion energy is generated from the union of two light nuclei. This releases massive
amounts of energy per fusion reaction. A single deuterium - tritium reaction in particular,
produces 17.6 MeV worth of energy [7]. For reference, this is five orders of magnitude
higher than the heat released per combustion reaction of octane (utilized in hydrocarbon
blends for gasoline [8]). We hope to harness as many such reactions as possible to produce
power in a fusion reactor. Current fission power is at least an order of magnitude more
energy dense than solar power in terms of geographic space required for production [9].
Nuclear fusion power output should also be scalable, past that of a nuclear fission reactor,
with enhanced safety and sustainability.
Unfortunately, multiple popular scheme’s for nuclear fusion reactors will still contain
radioactive materials, such as the tritium in the fuels and the activated materials from
the chamber wall. However, a relatively low amount of nuclear material is present
when compared to fission reactors. In particular, high energy neutron bombardment
2
as a consequence of the deuterium - tritium reactions within the reactor, will result in
transmutations of the reactor wall materials, rendering them radioactive. Fortunately, this
would still generate only a fraction of the waste produced in fission reactors.
1.3 Advances in Fusion Devices
There are multiple issues in achieving net fusion energy gain. Perhaps the predominant
issue is that fusion plasmas are prone to many different instabilities, which have been
researched extensively and continue to be to this day. Though problems still remain in
confinement of hot fuels in the plasma state, much progress has been made. In particular,
the performance of fusion research devices has increased dramatically over the last 50 years
[10]. This is a definite credit to advances in technology along with a better understanding
of plasma dynamics.
The requirement for fusion power production is represented by the Lawson Triple
Product (Lawson Criterion) [7]:
nTiτE > LR, (1.1)
Here, n and Ti are respectively the plasma density and ion temperature and LR is a
constant which represents the minimum value for reactor conditions, varying for different





where, W is the energy of the system and Ploss is the energy loss rate from the system.
Progress in the production of fusion power is best visualized through Figure 1.2. Here the
light blue section highlights the operation regime with appropriate ion temperature and
Lawson criterion, where bremsstrahlung losses are tolerable. The Upper right hand corner
encloses regions with three blue arcs, showing conditions for various energy gains of 0.1 -
1 and the ignition condition where fusion gain is much greater than unity, enabling self
heating of the fuel in order to produce net power output for generation of electricity. Note
3
the values of QDT indicated along theses blue arcs. DT represents the deuterium-tritium
reaction, which is the easiest fusion reaction to achieve on earth. By definition, Q is the
ratio of fusion power produced (PF ) to the power required to heat and confine the plasma




Q = 1, known as break-even, has already been surpassed in the JT-60 tokamak. Unfortu-
nately, this was interpreted based on the plasma parameters achieved without actually
using tritium. JET holds the record for DT fusion, with a Q ≈ 0.67. Currently, a new large
tokamak reactor, ITER is under construction in France as an international collaborative
effort to achieve net energy gain fusion. This will serve as a proof of concept for future
reactor designs. ITER will aim for Q ≥ 10, in hopes of reaching ignition conditions, where
the DT plasma will produce enough energy to sustain itself [11]. In addition to this,
enough energy must be created to power the various systems which the tokamak relies on.
Figure 1.2: Progress of Tokamak Parameters Towards Break-Even [12].
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1.4 Motivation
As noted in Section 1.3, much has been done in the effort to achieve terrestrial fusion.
However, these advances have still left us with multiple remaining issues. In particular,
the plasma interaction with the chamber wall is very important, especially in the effort to
advance plasma confinement time and steady-state operation. Plasma-wall interactions
(PWI) are essentially a collection of processes which occur when a plasma exchanges mass
and energy with its container.
PWI have the potential to cause material to sputter off the chamber wall and enter
the plasma [13]. Some of these materials may be in the form of particle grains which
are relatively large in size (approximately nm to µm scale in diameter). These particle
grains are known as plasma dust [14]. Dust may migrate through the plasma in a complex
manner, essentially merging with the plasma as a new species, serving only to increase
the complexity of the situation. Dust is an impurity, which generally has a negative
impact on plasma parameters. High heat flux regions, such as the divertor plates in an
ITER like tokamak, can possibly generate even more dust, due to the high number of
energetic particles impinging on the material surface. If enough dust happens to reach the
plasma core, the entire reaction may be quenched due to enhanced radiation loss caused
by impurities [15].
As the reactor wall necessarily experiences extreme temperatures, caused by particle
bombardment from the plasma, effort has been made to direct this heat flux in an intelligent
way. The previously mentioned divertor plates are a result of this effort. In a region known
as the scrape-off layer (SOL), open magnetic field lines intercepted by the divertor plates
adjacent to the chamber wall, guide the plasma towards these divertor plates [16]. Upon
colliding with these plates, particles may be exhausted from the tokamak via the pump,
located below the divertor. Figure 1.3 illustrates the interception of open field lines by the
divertor plates with a cross-sectional diagram of a tokamak.
With the use of a divertor which directs high heat fluxes towards itself, most of the
wall which surrounds the plasma may be composed of a low Z material with lesser thermal
resistance than that of the divertor material [17]. Low Z materials are generally favourable
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Figure 1.3: Directing the Scrape-Off Layer in an ITER-Like Tokamak [16]. Displayed is
a cross sectional view of an ITER-Like tokamak. The core plasma is encircled by closed
magnetic flux surfaces, as opposed to the open field lines, past the separatrix, along the
wall and divertor. These open magnetic field lines guide particles in the scrape of layer
past the x-point, where they strike the divertor. Afterwards, these particles may be
pumped out of the tokamak.
for the plasma facing wall, as bremsstrahlung radiation, which is ∝ Z2, detrimentally cools
the fusion plasma. Beryllium could be used for a suitable first wall material, on account of
having the lowest Z of any stable material and sufficient thermal and mechanical properties
when a divertor is used [18].
Any material chosen for the divertor plates must be able to withstand bombardment
by particles from the plasma [19], at least for long enough to give the fusion reactor
sufficiently long operation time between maintenance. As such, tungsten appears to be
an obvious choice, possessing the highest melting point of any known element. Tungsten
also possess other favourable characteristics. In particular, tungsten has low tritium fuel
retention compared to other carbon-based alternatives [20]. Tungsten has a very high
thermal conductivity, which makes it effective for heat exchange in order to lower the
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divertor plate temperature and extract energy from the reactor. Tungsten is also resistant
to sputtering and erosion from incident particles [21]. Additionally, tungsten is resistant
to neutron damage and activation caused by incident neutrons produced from the DT
fusion reaction within the plasma [22].
Unfortunately, tungsten is not a perfect divertor material. Hydrogen causes the surface
of tungsten to swell and blister [23]. These blisters may retain tritium fuel inside the
surface. If blisters were to pop, the influx of tritium fuel may have adverse effects on
operation. Furthermore, tritium retention in the wall yields a potential explosion hazard
during a loss of coolant event [24]. Such an incident would cause a pressure increase in
the chamber and potentially form oxygen, via electrolysis. This may cause the retained
tritium within the wall to violently react.
Tungsten also interacts unfavourably with helium, as it tends to destroy the integrity
of the surface, resulting in the growth of long, tendril like nanostructures known as fuzz
[25]. This fuzz is easily removed from the surface and facilitates one key mechanism of
dust generation from tungsten.
It should be noted that, dust impurity build up over the operation time span of a
fusion reactor is yet another issue that must be addressed. Even if dust may be kept from
the core, it should optimally be managed without reactor shutdown to clean the machine.
In order to prevent core dust accumulation and reactor shutdown, we must have a
greater understanding of dust dynamics. This type of research can be carried out either
in larger tokamaks where dust production occurs naturally or in smaller tokamak, such
as STOR-M in the Plasma Physics Laboratory at the University of Saskatchewan, where
the plasma parameters are not high enough to produce appreciable amount of dust to
be observed. In the latter case, a controlled dust injection experiment may be designed
and implemented. This research project to study the behavior of artificially introduced




In order to study tungsten dust dynamics in the Saskatchewan Torus Modified (STOR-M)
plasma, a dust injector needs to be designed, tested and characterized. The dust injector
will allow for appropriate dust delivery amounts and dust positioning within a STOR-M
discharge. Machined, spherical tungsten micro particles will be used as the dust in this
experiment, simulating the type of material liberated from a tungsten divertor, exposed to
a fusion plasma.
Many new, custom pieces of equipment are required for characterization and operation
of the dust injector. A particular procedure has been devised for dust injector calibration.
Additionally, a particle tracking velocimetry (PTV) algorithm, utilizing trackpy software
is programmed and implemented to analyze the trajectory of dust particles dispersed from
the dust injector [26]. From this data, the velocity and time-dependent spatial distribution
of dust particles may be determined for various dust injector parameters.
1.6 Thesis Outline
This thesis is divided into 7 Chapters. Chapters 2-4 deal with the theory and equipment
that will be needed for experiment. Chapter 2 provides background information on the
physics of magnetic confinement fusion, relevant to tokamak devices. Chapter 3 goes into
detail on impurities in reactor plasmas, with focus on dust generation and dynamics within
a tokamak. Chapter 4 focuses on the equipment used for both dust injector calibration,
and the foreseen dust injection experiment.
The proceeding chapters 5-7 concern themselves with the experiments and data analyses
conducted in this thesis. Chapter 5 focuses on the dust injector characterization and
calibration. Chapter 6 is a summary of the results of the experiments conducted and a




2.1 Plasma Physics Fundamentals
2.1.1 Plasma Temperature
For a gas in thermal equilibrium, the most likely distribution of gas particle velocities
is given by the Maxwellian distribution function [7]. For one-dimension this is given as
follows:







Here, m is the mass of gas particles, v is the speed of gas particles, kB is the Boltzmann












where, ng is the number density of gas particles. From this velocity distribution function,














In general, there is an additional 12kBT of energy per degree of freedom. In order to avoid
confusion based on the dimensionality of the problem, it is convention in plasma physics
to drop the factor of 12 and give the temperature (Ts) for a particular plasma species in
units of its energy:
Es = kBTs. (2.5)
As an example, for a plasma which contains electrons at an energy of 1 eV, the electron
temperature is, 1eV
kB
= 11600K. For equal ion and electron temperatures within the plasma,
a single plasma temperature may be declared.
2.1.2 Debye Length
A plasma is defined as a quasi-neutral ionized gas. The effect of quasi-neutrality is
associated with Debye screening, which serves to limit the range of electrostatic forces
within the plasma. Over distances much larger than the Debye length of a charged particle,
the overall number of ions and electrons within the plasma tends to be the same, as local





where, φ(r) is the electric potential within the plasma, due to an applied electric field, ρ(r)
is the charge density of the plasma and ε0 is the permittivity of free space. For Boltzmann
distributed electrons, responding to the potential φ(r) and relatively slow ions due to their
significantly larger mass, we attain:







Here, e is the fundamental charge, n0e and n0i are respectively the density of electrons
and ions far from the potential and 〈Z〉 is the charge state of ions.








Considering quasi-neutrality far away from the potential φ(r), we have:
n0e = 〈Z〉n0i = n, (2.9)










The solution to this equation is an exponential, which decays with distance, r. This decay






2.1.3 Basic Magnetic Confinement
Consider the Lorentz force acting on a single charged plasma particle in a uniform magnetic
field. The particle will rotate as a simple harmonic oscillator with a frequency known as





where, |q| is the magnitude of the particles charge and B is the magnitude of the magnetic
field. This rotation is around a single magnetic field line, who’s position is known as the
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where, v⊥ is the speed of the particle perpendicular the the magnetic field. The magnetic
field only confines the motion of the particle perpendicular to the field line, thus, the
particle is still free to move parallel to the magnetic field. This results in a final helical
trajectory illustrated by Figure 2.1.
Figure 2.1: Gyromotion of a Positively Charged Particle [27]. Figure from Harvard
University. The helical path of a positively charged particle is shown. Here, the particle
rotates clockwise around the magnetic field, though a negative charge would rotate
counterclockwise.
2.2 Toroidal Magnetic Confinement
2.2.1 Toroidal Geometry
A torus/toroid is essentially a cylinder, which has been uniformly bent into a symmetric
ring, such that the ends of the cylinder connect with one another. This shape is illustrated
in Figure 2.2. From this geometry, we define two primary directions. The toroidal direction
follows the torus as it connects with itself as indicated by the blue arrow, while the poloidal
direction wraps around the torus, through the hole at the center as indicated by the red
arrow.
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Figure 2.2: Geometry of a Torus [28]. Figure from Dave Burke. Here the toroidal
direction is indicated in blue, while the poloidal direction is indicated in red, looping
through the apparent donut hole.
Toroidal geometry serves as an improvement to linear confinement, as it removes
losses associated with particles travelling parallel to magnetic field lines. This is a simple
consequence of the fact that the magnetic field lines of a torus may wrap around themselves
indefinitely. Unfortunately, new problems arise as a consequence of toroidal geometry.
2.2.2 Magnetic Field Configuration
The magnetic field strength within a toroid reduces at increasing radius, r, from the center
(illustrated in Figure 2.3). This is a natural consequence of the higher density of field lines
located at smaller radii compared to larger radii, resulting from the curved magnetic field.
This results in a magnetic field gradient, causing particles within the torus to experience a







Here, v⊥ is the velocity of charged particle perpendicular to the magnetic field, rL is the
Larmor radius, B is the magnetic field of the toroidal plasma, ∇B is the magnetic field
gradient and B is the magnitude of the magnetic field. Additionally, the curved magnetic








where, v‖ is the particle velocity parallel to the magnetic field, q is the particle charge, Rc
is the radius vector of the curved magnetic fields and Rc is the magnitude of magnetic
field radius. Both grad-B and curvature drift share a common characteristic. They act in
opposite directions for negative and positively charged particles. This ultimately results in
charge separation, indicated by the gyromotion of electrons and ions in Figure 2.3. The
separation of charge in the torus generates an electric field, which results in E×B drift,





where, Eind is the induced electric field in the torus, due to charge separation. This E×B
drift causes charged particles to move towards the chamber wall as shown in Figure 2.3,
thus breaking confinement. In order to counteract this, a toroidal current, producing a
poloidal magnetic field is utilized to rotate the plasma in the poloidal direction. As the
plasma twists, the direction of the E×B drift changes. Over one full poloidal rotation,
the net outward drift is effectively negated, as on average, particles will drift the same
amount in opposing directions.




A tokamak is a particular type of magnetic confinement fusion device. The purpose of
this device is to confine a hot fusion plasma, with as high a density as possible, for as long
as possible. This enables ignition condition and maximizes energy output of the device.
Tokamaks generally operate with a large toroidal magnetic field, generated by the
high current discharge of a large capacitor bank, through the toroidal field coils. This
large magnetic field serves to confine the motion of particles along toroidal magnetic field
lines. The magnetic field of another high current discharge is coupled to the inner poloidal
(direction indicated by Figure 2.4) field coils (Ohmic heating coils) of the tokamak, via
iron core transformer. This field creates a current, via transformer action in the conductive
plasma (Section 2.3.2) acting as the secondary coil in the transformer. The plasma
current then heats the plasma via Ohmic heating. The other important role of the plasma
current is to produce a magnetic field around it in the poloidal direction. This poloidal
field is combined with the externally induced toroidal magnetic field, producing helical
magnetic field lines, which are a favorable magnetic configuration for plasma equilibrium
and stability. The current carrying plasma column has a tendency to expand horizontally
in the radial direction via the so called hopping effect. In order to counterbalance this
expanding force, a set of coils is needed to generate a vertical magnetic field which interacts
with plasma to generate an radially inward force.
The Saskatchewan Torus - Modified (STOR-M) is the tokamak that will be used for the
foreseen dust injection experiment [30]. The discharge duration for this device is typically
between 30 - 60 ms. This sets the time scale for experiments which may be conducted in
the device.
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Figure 2.4: General Tokamak Schematic [31]. Figure from the Anthropocene Institute.
2.3.2 Ideal MHD
Ideal MHD is the treatment of plasma as a conductive, quasi-neutral fluid. This model
works especially well for fusion plasma’s. In general, a tokamak plasma follows the
generalized ohm’s law [32]. The plasma resistivity is taken to be sufficiently low that it
can be neglected.
E + u×B = ρJ ≈ 0, (2.18)
where E is the electric field of the tokamak plasma, u is the fluid flow velocity, ρ is the
plasma resistivity and J is the tokamak current density. We can now show that the
magnetic flux (Φ) remains static in the tokamak [33].
Φ =
∫








B · dS +
∫
l
B× u · dl. (2.20)
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Here, dS represents the differential surface element which the plasma flux tube passes
through and dl represents the line element corresponding to the boundary of dS. Applica-





∇× (E + u×B) · dS. (2.21)
The RHS of equation (2.21) is equal to zero by equation (2.18), therefor magnetic flux
is static. The result of this "Frozen in flux" is that the magnetic field is now confined to
move with the plasma. From this, we may determine the plasma flow and position in the
tokamak by measuring the magnetic field. These quantities give crucial information on
plasma confinement and stability which we wish to control.
Finally, appreciation is warranted for the complexity of magnetized fusion plasmas.
The purpose of the magnetic field is to confine the plasma in a particular configuration.
However, it is clear that the motion of the plasma fluid affects magnetic field and vice
versa. Succinctly, the magnetic field is a part of the plasma.
2.3.3 Fueling
Unlike fission reactors, where a large amount of fuel is inserted into the reactor until spent
and replaced, fusion reactors limit the amount of fuel in the reactor at any given time
to ensure they are heated to the high temperature required for fusion. Common fueling
schemes include gas puffing and frozen pellet injection. With these methods, fuels will be
ionized quickly in the peripheral and trapped by the magnetic field there. Only a small
fraction of fuel migrates to the reactor core to participate in fusion reactions and the
majority of fuel, together with the exhaust gas, is pumped out to be separated for re-use.
The core of the fusion plasma, where most fusion events occur, has the highest thermal
pressure. This thermal pressure tends to force fresh fuel from the core. Thus, a mechanism
is required which can directly fuel the core. This is not a trivial task. Based on the view
of many experts, the only promising central fuelling scheme is the injection of the compact




The Compact Torus (CT) is one particular type of stable, self contained magnetic structure/
plasmoid [34]. The magnetic field structure of the CT is similar to that of a tokamak,
however, both toroidal and poloidal magnetic field components are induced by the current
in the plasmoid (Figure 2.5) [35]. The toroidal current produced a magnetic moment, µ.
Also, the poloidal field of the CT is comparable to the toroidal field, as opposed to the
tokamak, where the toroidal field is dominant. A synonym for the CT is the aptly named
Spheromak.
Figure 2.5: Compact Torus Field [35]. Figure from Olynyk G. and Morelli J.
2.4.2 Equilibrium
The CT represents a particular form of plasma equilibrium. In particular, this is a Taylor
state. In this state, an equilibrium (minimum energy level) is achieved while conserving
magnetic helicity. Magnetic helicity is essentially a measure of the twist of the magnetic
field lines. In addition, an essential property of the plasma is determined by it’s beta value
(the ratio of the plasma thermal pressure to the magnetic pressure). In a low beta plasma






where p = nkBT is the thermal pressure. n, kB, and T are respectively density, Boltzmann’s
constant and temperature. B22µ0 is the magnetic pressure and B is the magnetic field of the
CT. We ignore the thermal pressure term in the equation of motion since it is negligible
compared to the magnetic pressure, resulting in:
ρ
du
dt = J×B−∇p ≈ J×B = 0. (2.23)
Thus, we find that non-trivial solutions for B occur only with B ‖ J. In this case, Ampere’s
law yields [36]:
∇×B = µ0J = αB. (2.24)
Note that from this, α is a scalar function.
It can now be shown that the conserved magnetic helicity and minimized energy in
the CT is synonymous with the force free field configuration given by equation (2.24).
In order to do so, we must minimize the energy of the CT, which is approximately its
magnetic energy (WB) with respect to constrained helicity (K). This is equivalent to the
following first order variational problem [36]:











A ·B dV =
∫
LK dV. (2.27)
Here, LW and LK simply represent their corresponding integrands and dV represents the
differential volume element of the compact torus. A is the magnetic vector potential,
which establishes the usual relationship:
B = ∇×A. (2.28)
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From this point, we can now show that K is purely a functional of B. Utilizing equations





















ψB · dS. (2.31)
Since ∇ ·B = 0, the second term in K may be turned into an integral over the surface of
the CT, utilizing divergence theorem. For magnetic configurations where B = 0 on the
surface of the CT, this second term vanishes. From the form of equation (2.31), we see
that the magnetic energy of the CT is directly related to it’s helicity. Thus, in the same
way the magnetic energy of the CT is conserved while the configuration is stable, so too
must helicity be conserved [37]. Finally, we may now simply show our variational equation












δBdV = 0, (2.32)
which holds in the case of constant α and for the appropriate choice of the constraint
parameter λ.
The analytic solution to equation (2.24) has the following basis in Bessel functions for
a cylindrical symmetry [38]. The solution is periodic along the axial direction (z direction),












When plotted, the vector fields yields a familiar physical result, provided the application
of appropriate boundary conditions. kr can be determined at r = a (the wall used to
generate the plasmoid). The axial length of the plasmoid determines kz. The following
solution was generated in MATLAB:
Figure 2.6: Two-dimensional Plots of the Vector Field of the Compact Torus. These
plots were attained by using equations (2.33) - (2.35) (Physical solution is inside the black
box). Both the Bessel function and sinusoidal functions go to zero at the boundary of the
CT’s container. Here z is the symmetric axis of the CT. a) represents the x-z field slice of
the CT at y = 0. b) represents the x-y field slice at z = 1.5. For simplicity
kr = kz = B0 = α = 1 in this image.
2.5 Importance of CT Fuelling in Fusion
The ability to fuel a fusion reaction is of utmost importance for a functional reactor. The
CT is especially well suited for this role. The CT is able to inject fuel directly into the core
of the reactor, add toroidal (direction indicated by Figure 2.4) momentum and suppress
modal fluctuations of the plasma. In particular, the CT increases the plasma’s Lawson
triple product [39].
Another benefit to the CT is the large amount of fuel that can be ejected at one time.
A similar type of plasmoid injection serves as the fueling method of choice for General
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Fusion’s magnetized target fusion reactor [40].
There are however other candidates for reactor fueling. Neutral Beam injection is also
capable of injecting energetic particles to heat the plasma, but is not an efficient fueling
scheme. This serves as the fueling method of choice for Tri-Alpha Energy’s reactor named
“Norman” [41]. However, the field-reversed configuration (FRC) which is similar to the
CT, also plays a key role in device operation. In addition to this, the company also deals
with CT injection.
2.6 CT-Tokamak Interaction
There is a wealth of physics to be explored concerning plasmoid interactions with the
tokamak. The onset of high confinement mode (H-mode) is a particularly interesting
phenomena. When a CT is injected into a tokamak plasma, the magnetic fields in the CT
and tokamak reconnect. The resulting plasma confinement has been found to improve in
the STOR-M tokamak in the experiments conducted at the University of Saskatchewan.
Additionally, certain poloidal MHD modes are suppressed while others are enhanced within
the original tokamak plasma [42, 43].
The yellow section of Figure 2.7 shows the effect of the STOR-M discharge due to
CT injection. Loop voltage (Vl) and plasma current(Ip) remain unaffected. Line average
density (n̄e) and confinement time (τE) both increase significantly. This represents an
increase in plasma confinement and shows that the CT successfully penetrated the tokamak
plasma. The plasma bulk position (∆H) is seen to move outwards significantly, indicating
increased thermal pressure causing this expansion. Hα is seen to decrease. This particular
hydrogen emission is used to characterize the plasma interaction with the wall. Reduced
Hα essentially characterizes better confinement. Finally, Φ̃f represents the fluctuation of
the plasma potential. These fluctuations seem to be stabilized by the CT. The M = 2
Fourier mode of magnetic fluctuations is shown to be suppressed.
It should be pointed out that the time scales of the tokamak discharge duration (see
Figure 2.7) is about 20-30 ms, while the CT penetration time is on the order of 10 µs, due
to its high velocity, in the range of 100 km/s or 0.1 m/µs within STOR-M.
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Figure 2.7: Effect of CT on STOR-M Plasma [39]
2.7 Generation of Dust in Tokamaks
2.7.1 Basics
Plasma confinement is not perfect in reality, enabling us to extract thermal energy from
the wall of a fusion reactor. Naturally, unconfined particles from the plasma interact with
the reactor wall, sending various shapes and sizes (on the order of µm to nm) of material
from the wall into the plasma. These small impurity particles are termed, dust. Dust
particles within the plasma typically acquire various amounts of negative charge, though
may become heavily positively charged when heated, due to high levels of thermionic
electron emission [44]. These charged particles may then start to exhibit motion which is
heavily influenced by their interaction with the initial plasma. This leads to the generation
of a new type of plasma, termed a Dusty Plasma.
In the case of reactors like ITER, high energy neutrons produced by the plasma are
intended to strike the tungsten divertor plates. High thermal stress on these divertor plates
will lead to increased material sputtering, potentially resulting in significant tungsten (W)
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dust generation [45, 46]. Mitigating the negative effects of tungsten dust is therefore of
crucial importance for producing fusion energy. In order to do this, we must understand
how W dust behaves in a tokamak.
2.7.2 Effects of Tungsten Dust on Tokamak Plasma
Dust tends to be detrimental to a fusion plasma, and should be considered as a plasma
pollutant. Fortunately, dust particles are often sufficiently slow in tokamak plasmas, such
that bremsstrahlung losses are generally not of primary concern. Rather, this dust is
generally harmful due to the fact that it can alter plasma dynamics and absorb much
needed tritium [47]. In addition to this, dust particles can be highly mobile within the
fusion plasma.
During the liberation of a dust grain from it’s parent material, it may be quickly heated
and evaporate into the plasma as an ionized impurity particle. Dust Particles which are
not evaporated entirely are accompanied by a shielding layer of ablation material. This
shielding allows the particle to penetrate further into the fusion plasma [48]. Sufficiently
large particles may be able to penetrate into the reactor core, where contamination effects
are especially disruptive. Core W dust is incredibly harmful as it can absorb great amounts
of tritium from where it is needed most. This dust also tends to leach energy away from
the plasma via electron excitation/ radiation. Excessive core dust can be lethal to a fusion
reactor. In particular, core tungsten injection rates on the order of mg/s are enough
to potentially destabilize the fusion plasma [48]. Finally, excessive amounts of W dust
represents a safety hazard. Large quantities of W dust and hydrogen, reacting with air in
an ITER like reactor may cause an explosion capable of breaching the system. [49].
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Chapter 3
Impurities in a Fusion Plasma
3.1 Introduction
When considering a fusion reactor, impurities in the plasma may be generally defined
as any substances which find themselves inside the confined plasma, not participating
in fusion energy generation and/or sustaining the bulk plasma. Some impurities may
be useful to a fusion reactor, for purposes such as thermal load control and/or plasma
stabilization. For example, impurity seeding is utilized to radiatively cool the plasma
near the divertor region, in order to prevent the divertor from melting [50]. This is done
via injection of various impurity gases such as N, Ne and Ar into the divertor region.
Used intelligently, impurities may be key to sustaining a fusion reaction. However, most
impurities are found to be metal compounds from atomic to µm sizes which originate from
the plasma facing wall [51, 52]. These impurities generally have detrimental effects on the
plasma, scaling with the quantity found inside the machine. In particular, core plasma
cooling via bremsstrahlung radiation must be reduced. As such, the spatial distribution of
impurities within the reactor is crucial. Impurities found in the bulk plasma, where the
majority of fusion reactions occur are generally more harmful to plasma sustainment and
quality.
In the effort to reduce impurity content in the bulk plasma of the tokamak reactor, the
divertor configuration was invented. Here, neutral particles liberated from the wall would
be ionized before migrating past the separatrix and directed via the poloidal magnetic
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field in the scrape-off layer, towards the divertor plates. Upon striking the divertor plates,
impurities may be neutralized and subsequently pumped from the edge of the divertor
region. In modern tokamaks with the divertor configuration, impurities are directed with
this scheme, though impurity particles are still able to migrate from the wall and divertor
plates, into the bulk plasma. This is effectively due to the fact that particles in the
scrape-off layer (SOL) may posses enough energy to overcome ion friction, holding them
in this region [50]. This could be due to a variety of reasons, such as sputtering from the
wall with a large amount of energy, or particles gaining energy through some event in the
SOL. Neutral particles crossing the separatrix before ionization may also contribute to
bulk plasma contamination. Once the particle passes the separatrix, it may then migrate
towards the plasma core, through a variety of mechanisms [53].
3.2 Impurities Resulting from the Tungsten Divertor
The tokamak divertor will experience the most extreme thermal loading of any part of
the reactor. In fact, special control over heat flux impinging on the divertor is required
for operation in ITER, despite the use of an advanced, actively cooled tungsten divertor,
rated for 10 MW/m2 incident power flux density [54]. Heat flux control measures such
as distancing the plasma wall contact and x-point geometry are used to better distribute
the thermal load over the surface of the divertor. Additionally, the particle flux may be
reduced on the divertor by increasing the local pressure, resulting in a decrease in the flux
linkage to the plates [55]. This is accomplished via the previously mentioned mechanism
of impurity seeding 3.1. While in this state, the divertor is said to be partially detached.
Though a tungsten divertor may be maintained at tolerable operating temperatures,
the effects a massive heat load on the divertor remain a problem for plasma purity.
Different particles entering the divertor region interact with tungsten in unique ways.
Neutrons radiated from the plasma tend to cause embrittlement of the surface, worsening
the damage from other sources [56]. Hydrogen (unused tritium and deuterium fuel) creates
surface blisters which warp the surface and may burst (Figure 3.1). Helium generated as a
byproduct of the deuterium-tritium reaction, causes etching in the surface of tungsten,
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Figure 3.1: Hydrogen Blistering on the Surface of Tungsten [23]
Figure 3.2: Fuzz Growth on the Surface of Tungsten [25]
leaving behind thin, tall vertical structures known as fuzz (Figure 3.2). This fuzz is
mechanically weak, and is easily liberated from the surface. All previously mentioned
effects aid in the liberation of particles from the tungsten surface. Most troublesome are
those which do not entirely evaporate when passing the separatrix, resulting in large dust
particles in the plasma. Dust is massive compared to atomic scale impurities, thus, even
small amounts contribute greatly to reducing overall plasma quality.
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3.3 Dusty Plasma Dynamics
3.3.1 Basics
A Dusty plasma contains impurities on the approximate order of µm’s and smaller, which
can play a significant, though not dominant role in plasma dynamics. In this thesis,
we limit our consideration of dusty plasmas to those with a low number density of dust
particles. All impurities within such dusty plasma, are spaced on a length scale greater
than their associated Debye sphere diameters. This eliminates collective behaviour of the
impurities within the plasma. However, the motion of impurities may still be strongly
influenced by the plasma. Through various interactions with the surrounding plasma, dust
particles can acquire a large negative or positive charge [44]. The motion of dust particles
within a plasma are governed by multiple forces, many of which are influenced by dust
charge and charging effects. Figure 3.3 illustrates the motion of such dust particles within
a tokamak.
3.3.2 Charging Mechanism
Dust charges in a tokamak plasma due to several primary mechanism, including [44, 58]:
1. Plasma ion and electron interaction.
2. Secondary electron emission.
3. Thermionic emission.
4. Dust particle vaporization.
5. Radiation.
Figure 3.4 illustrates the processes involved in dust particles charging. A useful way of
looking at dust particles in a plasma, is to treat them like any other conductor placed
within a plasma, essentially as a floating Langmuir probe. Additionally, we need to
consider all currents which will be collected at the dust grain surface. These currents are
generated via the aforementioned dust charging mechanisms. The steady state charge on
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Figure 3.3: Dust Particle Trajectories in TEXTOR (Tokamak Experiment for
Technology Oriented Research) [57]. a) Complex motion of pre-characterized carbon and
tungsten dust is observed in a plasma discharge from 50 to 400 ms. Dust particles are
found to b) disintegrate upon collision with the walls, c) reflect off the chamber wall and
d) seems to actively migrate past the scrape-off layer, back into the main plasma.
a dust particle is found by solving for the surface potential of the dust grain (φs) in the
equilibrium current condition [59]:
Ie + Ii +
∑
Z
IZ + Ith + Isee = 0. (3.1)
Here, Ie and Ii are respectively the plasma electron and ion currents, Iz represents impurity
ion current of various charge states (Z), Ith and Isee are respectively thermionic emission
and secondary electron emission currents from the dust grain. φs appears implicitly within
these current terms. Once φs is determined, the dust charge (Qd) may be simply calculated,
treating the dust grain as a spherical capacitor:
Qd = 4πε0rdφs, (3.2)
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Figure 3.4: Dust Grain in a Plasma. Electron and ion currents (Ie and Ii, respectively)
are collected on the dust particle surface. In a hot fusion plasma, this surface is generally
an ablated cloud of material (ablation sheath), which evaporates due to heating.
Additionally, a secondary plasma containing a significant amount of dust ions, may form
around the sheath region, indicated by λD [58]. A secondary electron current (Isee) is
produced by interactions of incident particles on the dust grain surface. Heating of the
dust grain results in radiated power (Prad) and the generation of a thermionic emission
current (Ith).
where, ε0 is the electric permittivity of free space and rd is the dust grain radius.
When considering electron and ion currents, basic orbital-motion-limited (OML) theory
may be applied for simplicity. Here, the assumption of Maxwellian ion and electron velocity
distributions are made. The standard equations for the floating Langmuir probe result,




















where, ne0 and ni0 are respectively the electron and ion densities away from the dust
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sheath, kB is the Boltzmann constant, Te and Ti are respectively the electron and ion
temperatures, me and mi are respectively the electron and ion masses, e is the fundamental
charge and Z is the degree of ionization. Equation 3.4 may be additionally utilized to
determine the impurity ion currents (IZ), so long as the corresponding ion parameters are
utilized. More accurate modeling of IZ is given in [59].
Thermionic emission is the process by which electrons are liberated from a sufficiently
hot material. In this case, a dust particle heated by the surrounding plasma, ejects
electrons from its surface. This results in the following current from the dust surface,
based of the Richardson-Dushman equation [62]:






Here, AR = 1.20173 × 106Am−2K−2 is Richardson’s constant, Td is the dust grain
temperature and Wf is the work function for the dust material (tungsten in this case).
Here the dust is assumed to be negatively charged. As the dust temperature rises, the
dust grain may develop a net positive charge due to increased thermionic emission. [59]
gives the equation describing Ith for a positively charged dust grain.
Secondary electron emission (SEE) is the process whereby electrons are ejected from a
material, due to bombardment of particles with sufficiently high kinetic energy. In this
case, particles from the plasma impinge on the surface of the dust grain, resulting in SEE.
The secondary electron current, originating from the dust grain due to electron and ion
bombardment is:















Here, δsee is the secondary electron emission coefficient (determined by utilizing the
Sternglass approach) [63], Ee is the incident electron kinetic energy, δmax and Emax are
respectively the maximum SEE coefficient and the energy at which it occurs, γsei is the
secondary electron coefficient due to ion bombardment and Ii is the ion current for that
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species. γsei is given empirically for various charges of hydrogen ions in [64]. In order to
better explain the dominant role of SEE in dust charging within a tokamak, the more
complex “R-model" may be implemented [65].
As seen within the analysis above, even a simple model of dust charging requires
knowledge of plasma parameters, material properties for the dust, dust temperature
(Td) and potential (φs). Consequently, Td remains an unsolved variable, in our hopes to
determine the net, steady state charge on a dust particle. Td may be solved utilizing the






where, md is the mass of the dust particle, cs is the specific heat capacity of the dust
and Ξnet represents the summation of all power fluxes on the dust particle surface. md
is shown to be an explicit function for t and Td as evaporation of the dust particle may
be considerable. Both md and cs may be modelled as constants for simplicity. Ξnet
is determined by many processes, including: radiated power, evaporation and other
neutral particle emission, recombination and power fluxes caused by the dust grain current
generation mechanisms including: plasma electrons, SEE, etc. [44].
3.3.3 Motion Inside the Tokamak
Dust motion within a tokamak may be quite complex, as it is governed by multiple forces.
Additionally, the dust grain itself has some degree of internal structure, which adds further
details to the problem. Internal dust grain structure includes a possible ablation sheath
(shown in figure 3.4) and asymmetries which may result in additional effects, including:
radiated power, various rotations, etc. For the sake of simplicity, assuming the effects
due to the internal structure of the dust are small with respect to the translational forces








Here, md is the dust mass, vd is the dust particle velocity and Fi represents the various
forces acting on the dust particle [67]. The dominant forces determining the motion of a





5. Force due to gravity
6. Rocket force
7. Drag forces due to ions and neutral particle collisions
Electric forces result in charged dust particle motion influenced by electric fields within
the plasma, such as those of the tokamak current drive. Gravitational force on its own,
simply causes the particle to fall, while the Lorentz force causes dust particles to rotate
around magnetic field lines. The electrostatic force (FE), gravitational force (Fg) and
Lorentz force (FL) on the particle are respectively:
FE = −QdE, (3.10)
Fg = mdg, (3.11)
FL = Qdvd ×B. (3.12)
Here, Qd is the dust charge, E is the electric field, g is the acceleration due to gravity, vd
is the dust particle velocity and B is the magnetic field. The effect of magnetic forces on a
dust particle (included in [67]) may be significant on a ferromagnetic grain. For Tungsten
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divertor dust, this force is not present. Additionally, the induced magnetic moment for a
spherical, rotating, charged dust grain is [69]:





where, ηd is a coefficient which characterizes the charge distribution within the grain, Ω is
the angular velocity of the grain and c is the speed of light. The presence of a dust grain
magnetic moment would cause it to align it’s µ axis with B within the plasma.
The rocket force on a dust particle is due to uneven evaporation from the grain surface.
This would result in thrust being produced by the dust grain, allowing it to maneuver in
various ways, dependant on the evaporated flux from the grain. This may be represented
as [67]:
Froc = ξmνvνΓν , (3.14)
where ξ is the evaporation symmetry factor, mν and vν are respectively the mass and
speed of evaporated particles and Γν is the evaporation flux. The rocket force represented
in this form is very general, including the flux of particles evaporated from the surface by
various methods, including various forms of thermophoresis.
The friction force on dust particles due to various species within the plasma (Ffric)
may be analysed at the kinetic level, utilizing the following equation [70, 71]:
Ffric = mα
∫
(σc(v) + σs(v))vvfα(v)d3v, (3.15)
where, mα is the mass of the species, σc(v) and σs(v) are respectively, the momentum-
transfer cross sections due to collection by and scattering off of the dust particle, v and v
are respectively the speed and velocity of the species and fα(v) is the velocity distribution
function of the species. Once fα(v) is determined, the complexity in calculating Ffric
resides in determining the momentum-transfer cross sections. There are however, other
methods which simplify the calculation of friction forces acting upon dust in the plasma.
MHD theory may be applied, resulting in the following equation for ion drag (Fid) [68,
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70]:
Fid = ηπr2dnimivith (ui − vd) , (3.16)
where, η is a constant dependant on dust size and difference between electron and ion
temperatures, ni is the ion number density, mi is the ion mass, vith is the ion thermal
velocity and ui is the ion fluid velocity. The ion drag force results in dust particle motion
influenced by the fluid velocity of plasma ions.
A tokamak is designed for the confinement of a fully ionized plasma. As such,
interactions in the bulk will be coulomb dominated due to the high density of ions
compared to neutral particles [72]. Despite this, neutral particles in a tokamak are still
present. Neutral interactions near the tokamak edge region become more significant as
the density of neutral particles increases further from the core plasma [73]. As a result,
dust neutral drag may be significant in the plasma edge region. The dust neutral drag
may also be determined in a general fashion as follows [68, 70]:
Fnd = mdνnd (un − vd) , (3.17)
where, νnd is the dust-neutral collision frequency and un is the neutral fluid velocity. Similar
to the ion drag force, the neutral drag force results in dust particle motion influenced by
the fluid velocity of neutral particles. In the case of slow moving dust particles relative to









(un − vd) (3.18)
where, δEpst is the Epstein drag coefficient, nn, mn, Tn are respectively the neutral number




4.1 Compact Torus Injector
4.1.1 Basics
The USCTI (Figure 4.1) is the device utilized to form and subsequently accelerate a CT.
It is essentially a coaxial rail gun, where the projectile is a plasmoid, instead of a solid
object. The gun is aimed tangentially into the STOR-M plasma in the toroidal direction.
The STOR-M plasma serves as the target for the incident CT.
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Figure 4.1: University of Saskatchewan Compact Torus Injector (USCTI) Schematic. Reprinted from the University of Saskatchewan
Department of Plasma Physics archive.
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4.1.2 Formation
The CT formation process requires multiple high voltage banks and precise timing. Figure
4.2 illustrates a cross section of this process. The first stage involves engagement of the
solenoid bank. This develops a quasi static solenoid field (i). Secondly, the gas puffing
bank is engaged, allowing hydrogen fuel to enter the chamber (ii). The switch for the
formation bank is then closed, creating a current through the plasma which results in a
large return current (iii). This return current sets up a magnetic field in the azimuthal
direction. Interaction of this azimuthal field with the radial current through the plasma
creates a Lorentz force, which accelerates the plasma to the right, analogously to the bar
and rail problem. The plasma is pushed against the solenoid flux until it fully reconnects
unto itself and separates from the solenoid field (iv). The plasma is thus, forced into the
acceleration region of the CTI.
4.1.3 Acceleration
When the CT enters the acceleration region, the acceleration bank is engaged. A current
flows through the CT as a short, in a similar manner to Figure 4.2 (iii). However, in
this case the radial current interacts with the azimuthal field of the CT to produce a net
Lorentz force on the CT to the right. Since the completely formed CT is a self contained
magnetic structure, it remains intact through this process. In this manner, the CT can
reach muzzle velocities up to 210 km/s.
4.1.4 Magnetic Probes
In order to determine the the velocity of the CT, simply wound coils functioning as
magnetic probes are located at three evenly spaced locations along the acceleration region
of the CTI. The delay in the peak of the magnetic field waveform, between magnetic
probes at various fixed distances along the CTI barrel is utilized to determine the motion
of the CT. The voltage signal of the magnetic probes is determined from a passive RC
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Figure 4.2: CT Formation Process





where N is the number of turns of the magnetic probe coil, Acoil is the area of the coil, B




Thus far, the USCTI has not achieved the capability to fire more than one CT into the
same tokamak discharge. A maximum fire rate of 10 Hz for 3 discharges has currently
been achieved [75]. A. Pant in his 2009 M.Sc. thesis [76] outlines multiple changes that
were made to the system in order to facilitate repetitive firing. These changes include
faster charging high current power supplies for the formation and acceleration banks, faster
switches and improved gas valve insulation. In addition to these changes, the resistance of
the current limiting resistor from the new power supplies was decreased. In order to further
reduce charge time, this resistance will be further decreased in the future. The option
of repetitive CT injection, further enables the possibility of new experiments involving
dust injection in STOR-M. Modifications to the repetitive firing mode of the CT remain
ongoing.
4.2 Dust Injector
Reactors operating under fusion conditions will produce dust naturally, through various
plasma wall interactions. In order to simulate this in STOR-M, we require an artificial
source of dust. Dispersing this dust within the reactor for a controlled experiment requires
a dust injector. The dust injector has the following constraints to its design:
• Requires adjustable electrical input which can be triggered remotely.
• Must respond consistently under the same initial input for appropriate dust place-
ment. Injector timing may be offset if necessary. Timing precision on the order of at
least milliseconds allows for accuracy in positioning injected dust on the order of
millimeters.
• Must be leak tight for use in ultra high vacuum. CF-40 flange connection is required.
The CT fast gas valve was chosen as the frame for the dust injector, as it already
meets these requirements when operating with hydrogen gas. Furthermore, this design will
allow for the dust injector to operate independently, while being implemented in a variety
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of experiments concerning tokamak and CT operation. The current gas valve design is
nevertheless unable to inject solid material. However, the gas camber within the gas valve
has enough room to allow modifications to the piston, which enables gas output (discussed
in detail in Chapter 4.2.3). Proper modification will allow the piston to also disperse solid
material at the injector outlet. Essentially, the only distinction between the gas valve and
the dust injector will be the choice of piston. The gas valve may be converted between a
standard fast gas valve and a dust injector by simply changing the piston.
4.2.1 Operating Principle of the Injector
The dust injector (Figure 4.6) utilizes an input voltage pulse, in order to generate a high
current, capable of moving an inductively coupled conductive piston. This may essentially
be represented as a transformer, where the primary (p) moves relative to the secondary
(s). A coil positioned below the piston serves as the primary, while the piston serves as
the secondary. Figure 4.3 represents this circuit. The initial voltage pulse, powering the
activation of the piston, is generated by the discharge of capacitor Cd via the closing of
switch s1.
Figure 4.3: Injector Circuit
The coil has both an inductance and a non-negligible resistance which can be calculated.
Derivation of realistic inductance formula are actually quite complex, due to the combined
interaction of magnetic fields in various wire geometries. The following semi-empirical
formula by Wheeler [77], gives a good approximation for the inductance of a round planar






where N is the number of coil turns, rc is the mean coil radius and d is the diameter of
the wire.
The resistance of the entire wire is calculated utilizing concentric wire loops, in order
to estimate the total wire length for simplicity. This results in the following formula for
the coils resistance :
Rcoil ≈
4ρN(D0 + d(N − 1))
d2
(4.3)
where ρ represents the resistivity of the wire and D0 represents the inner coil diameter.
One should note, that equations 4.2 and 4.3 assume the current to be evenly distributed
throughout the wire. The accuracy of this assumption may be quickly checked by comparing







where ω is the angular frequency of radiation, incident on the conductor. Utilizing the
characteristic frequency of the current waveform (Figure 4.4): fchar ≈ 2kHz, the skin
depth for copper wire is computed to be approximately 2 mm, which is twice the diameter
of the coil wire. Thus, the skin effect will be negligible and our assumptions for equations
4.2 and 4.3 are justified.
Equations 4.2 and 4.3 yield a coil inductance of 35 µH and and resistance of 0.04 Ω.
However, these values are not compatible with those obtained from the discharge current of
the injector, shown in figure 4.4, when the device was activated. The red line shown in this
figure is a linear model of the current waveform, which agrees well with the actual current.
The schematic circuit for this waveform is shown in figure 4.5. Here, the transformer has
been replaced by an equivalent inductance and resistance. Fitting these parameters to the
actual current, we find Leq = 10 µH and Req = 0.46 Ω. Apparently, the coil resistance is
too low and it’s inductance too high to describe the current waveform observed. This is
obviously to be expected, as we have not included the impact that the secondary has on
these parameters.
Utilizing the fitted parameters, the current waveform is over-damped, with a damping
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ratio of 1.82. The over-damped behaviour of this waveform ensures that there is no reverse
voltage or ringing across the large polarized capacitors utilized to produce this current.
This ensures appropriate and safe operation of the injector power supply.
Figure 4.4: Dust Injector Current. Utilizing a linear RLC circuit model, a theoretical
best fit for the actual dust injector current is determined. The actual and theoretical
curves do not agree perfectly, due to the time dependant mutual inductance in the moving
transformer of the dust injector.
Figure 4.5: Approximate Linear Injector Circuit
The equivalent resistance we see in this circuit will significantly increase when we
consider the load of the moving secondary. This may be modelled by the following equation:
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Req = Rp + an2psRs +Rdyn. (4.5)
Here, nps is the turns ratio of the primary to the secondary, a is a scaling in the resistance,
in order to account for imperfect flux linkage and Rdyn represents the effective resistance
introduced to the system as a consequence of the moving secondary. The equivalent
inductance we see should actually decrease, as movement of the secondary results from
opposing the flux of primary. This may be modelled by the following equation:
Leq = Lp + Ls − 2C
√
LpLs, (4.6)
where C is a number between 0 and 1, representing how well coupled the flux of the
primary and secondary are. 1 represents perfect coupling, 0 represents no flux linkage
between primary and secondary.
4.2.2 Fast Gas Valve Components
The USCTI gas valve serves as the frame for the the new dust injector. Figure 4.6 shows
a cross sectional schematic of the gas valve. The device consists of multiple components,
given in Table 4.1.
Table 4.1: Dust Injector Schematic (Figure 4.6) Item Numbers
1 Securing Screw 15 Left Gas Port
2 Spring Adjustment Knob 16 None
3 Spring Adjustment Screw 17 Piston Through Holes
4 Securing Nut 18 Piston Seal
5 Insulated Mount Point 19 Outer Gasket
6 Top Housing 20 Inner Gasket
7 Electric Control Terminals 21 Piston
8 Top Screw Points 22 Inductive Coil
9 Middle Housing 23 Bottom Screw Points
10 Center Shaft Seal 24 Bottom Housing
11 Alignment Ball Bearing 25 Injector Outlet
12 Spring Plunger 26 Bottom Housing Seal
13 Restoring Spring 27 CF Flange
14 Right Gas Port 28 Flange Through Holes
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Figure 4.6: Fast Gas Valve/ Dust Injector Body Schematic
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From Table 4.1, (1) secures the knob to the adjustment screw. (2) and (3) are
respectively the spring adjustment knob and screw. Rotating the adjustment knob enables
the compression to be set on the restoring spring (13). Turning the adjustment knob right,
drives the adjustment screw down, and compresses the spring. Turning the adjustment
knob left reduces compression on the spring. (4) secures the adjustment knob to the top
housing (6). The top housing is not vacuum tight. It is required to support the adjustment
screw and the insulated mount point (5), where the power supply leads are connected to
(7). (8) is required to connect the top portion of the housing, to the middle housing (9).
The central shaft in the middle housing is kept isolated from the top housing and
vacuum tight via (10). Located below the adjustment screw is the spring plunger (12),
which secures the restoring spring in place against the set screw. In order to avoid
misalignment issues with the plunger and the spring, a ball bearing (11) is utilized.
In order for gas feed to be connected to the injector, a right and left gas port are
present (13)(14). These gas ports are connected through the central shaft, and lead to the
main gas chamber. The piston (21) is located at the base of this chamber .The main gas
chamber is kept vacuum tight through the use of multiple gaskets (19)(20). These gaskets
are inserted at the interface between the middle and bottom housings.
When power is not applied to the device, the piston is sealed against a gasket at the
top of the lower housing via (18). Only when power is applied to the inductive coil below
the piston (22) is the piston pushed upward and the seal broken. Through holes in the
piston (17) fill with gas from the chamber. This gas is then readily able to enter the
injector outlet (25) when the piston seal is broken.
The bottom housing (24) is connected to the middle housing via (23), and the connection
made vacuum tight with (26). The bottom housing serves as a connection point for a CF
flange (27) to allow connection via (28) to a vacuum system.
4.2.3 Dust Injector Piston
The current fast gas valve for the USCTI has all the necessary components for a working
dust injector. However, the design lacks the ability to deposit solid material. For this
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Figure 4.7: Dust Injector
reason, a new piston has been designed and machined for the CT gas valve. The CAD
schematic for the piston is shown in Figures 4.8 and 4.9. The length scale values of the
piston are given in inches.
Figure 4.8: Dust Injector Piston (Front View) [78]
In order for the dust injector to inject solid material, a chamber for this material is
required. This chamber is located at the top center of the dust injector piston (see figure
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Figure 4.9: Images/Dust Injector Piston (Bottom View) [78]
4.8). Beneath this chamber there are located three concentric ring grooves. A screen is
to be positioned within the top ring, in order to ensure particles cannot fall while the
piston is stationary. A rubber o-ring is then secured within the second piston ring, in
order to keep the screen secured in position. The third, bottom concentric piston ring is
then required to secure the rubber o-ring.
Depending on the particle size which is intended for injection, various screens may be
used. For this reason, screens must be able to be swapped with minimal difficulty. Also,
as screens must be custom made for the injector, screens should be reusable and removal
should not destroy the screen. The bottom concentric piston ring is thus, sized so that the
screen may be easily swapped and yet, hold the retaining o-ring in place.
In order for the piston to inject gas, six through holes are located concentrically around
the solid particle chamber. The bottom concentric piston ring and through holes are
spaced so that the piston seal (which prevents gas flow when the piston is in its rest
position) seats properly against the bottom of the piston.
Finally, The dust injector piston has a thin base, which revolves around the outer
portion of the piston. This provides a large surface area for eddy currents to form, and
drive the motion of the piston in the dust injector column. This driving mechanism is able
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to break the piston seal, and allow gas injection. Additionally, two small ball bearings
are contained within the upper piston chamber. As the piston moves, these ball bearings
perturb the micro particles in the chamber and allow some of them to pass through the
screen.
4.2.4 Screens
The piston screen serves to limit the size and amount of particles which may be injected
by the dust injector. Screen sizes of 5, 10, 14 and 20 µm’s have been made for use with
the dust injector piston. Choice of screen size here is not arbitrary. Dust sizes on the
order of 10 - 100 µm’s are anticipated to be produced in large scale, energy producing
tokamaks such as ITER [79]. As a particular example, the ASDEX Upgrade (AUG) has
characterized the size of tungsten dust produced within the reactor. This is especially
relevant due to the fact that AUG operates with full Tungsten PFC’s. The dust collection
experiment found some particles with 100 µm sizes, though 55% of the particles collected
were under 5 µm in diameter [80]. Thus, the current choice of screens provides the correct
order of magnitude for particle size filtering, relevant to tokamak fusion conditions.
Screens are made from stainless steel for strength and corrosion resistance. They are
woven in a twill dutch weave pattern as shown in Figure 4.10. Particle sizes less than the
screen size may be filtered individually through the screen, while particle sizes less than
half of the screen size may result in an avalanche effect. This would result in many small
dust particles being liberated at once, due to a small local flow, which overcomes the force
of static friction and electrostatic interactions on closely pact particles.
For optimal dust injection control, we wish to avoid any dust avalanche effect. This
control is also, necessary due to the fact that tokamak plasmas are very sensitive to core
W dust. Core tungsten injection rates on the order of mg/s are enough to destabilize the
plasma [48]. For perspective, assuming constant flow rate of 20 µm tungsten dust particles
to the STOR-M plasma core, around 400 injected particles is enough to potentially cause
disruption during a 35 ms discharge. This number should become even smaller for direct
injection of W dust to the STOR-M core.
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Figure 4.10: Sifting Particles Through the Micro Mesh Screen (Idealized Twill Dutch
Weave )
SEM images of the dust injector screens were taken to check the manufacturer specifi-
cation of the sieve sizes and condition of the mesh. Figure 4.11 shows images of all four
screen types. The scale is set at 300 µm, displayed in the bottom right hand corner of the
image.
4.3 Pulsed Power Supply
A new modular power supply has been designed to drive the dust injector. The design
was based of the USCTI gas puffing fast bank [81]. A full schematic of the device is shown
in figure 4.12. Essentially, the pulsed power supply utilizes the P05HA12MT, Acopian
adjustable power supply in order to charge capacitor, C1. The silicon controlled rectifier
(SCR) may then be triggered, connecting C1 to the banana plug output (OUT) located
on the insulated panel. C1 is then directly discharged through the dust injector, when
connected to OUT.
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Figure 4.11: SEM Images of the Dust Injector Screens. All screens were imaged after
use in the dust injector characterization experiment. In terms of sieve size we have: a) 25
µm, b) 14 µm, c) 10 µm, d) 5 µm. Here, a) has significantly fewer particles which are
stuck within the mesh compared to d). This is readily explained by larger sieve sizes
allowing particles to clear easier. Both b) and c) show some accumulation of particles, as
their sieve sizes are between the extremes of a) and d).
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Figure 4.12: Pulsed Power Supply Schematic [82]
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The P05HA12MT utilizes 120 V AC input voltage and is grounded through the wall
outlet. The output may be set between 0-5 kV DC, with 12 mA max current. A high
voltage insulated coaxial cable is utilized to charge C1, from the P05HA12MT output.
The voltage of the power supply may then be changed via potentiometer (VOLT ADJ).
Additionally, the P05HA12MT also comes equipped with an internal 1 A fuse.
A charge inhibit and main power supply switch are located on the insulated panel.
A 10 A Fuse is utilized in series with the main power switch, in case of electrical fault.
When the device is turned off via opening the main power switch, the dump relay coil is
de-energized, and the dump switch is closed. C1 is then quickly discharged through the 1
kΩ, 200 W dump resistor to case ground.
C1 is composed of four 2500 µf capacitors in series (see Figure 4.13). Each of these
capacitors is set in parallel with a 100 kΩ, 20 W drain resistor, which passively dissipate
energy when charging is inhibited, primarily for safety. The voltage drop across C1 may
be monitored with R1 in parallel with R2, resulting in a 1:1000 voltage monitor, where
large resistor values are used to minimize current.
Figure 4.13: Pulsed Power Supply (Internals)
The SCR trigger utilizes a BNC connection (TRIG) located on the insulated panel.
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An Approximate 4V trigger pulse is required to forward bias the SCR. In the case that
manual triggering is desired, an external fiber optic connection is required as the trigger
is floated on top of high voltage from the positive side of C1. Currently, a fiber optic
transmitter and receiver pair are utilized for the purposes of triggering the pulsed power
supply.
Upon discharging C1, the output current is analysed via Rogowski coil (ROGW.). An
oscilloscope may be attached at (I OSC.) in order to determine the current signal. As the
Rogowski coil output signal is proportional to dI/dt, a passive integrator is required to
determine the current. τ = 1.5 ms was found to be sufficient for the integrator.
Calibration of the Rogowski coil was done utilizing a Pearson probe, with known 100
A/V current measurement. From this, a 12 A/mV, critically damped, calibrated current
output was determined for the integrated Rogowski coil output.
The pulsed power supply operates as a closed, modular unit inside of a metal Faraday
cage. This is important, due to the high noise created by tokamak current drive. Wooden
blocks, treated to be conductors under high voltage are utilized to secure the insulated
base (figure 4.13), which the core electronics are mounted to. A small portion of the
case is however, still open to radiation. Here, an acrylic, insulated strip is utilized as an
attachment point for externals to the device.
4.4 Test Apparatus
An experimental test chamber has been designed and built, in which the dust injector is
to be calibrated (Figure 4.14).
4.4.1 Vacuum Chamber
The main chamber has a cylindrical design, with five CF 2.75" ports located around
its lateral surface. The front and back of the cylinder connect to a CF 8" flange. The
front port of this cylinder serves as the main chamber view port, which is seen facing
outward in Figure 4.14 (which yields a visual of the entire test chamber). The rear port is
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Figure 4.14: Full Test Apparatus
simply capped with a blank. The chamber is currently fixed on two custom mounts. One
located at the front of the cylinder, the other at the back. These mounts are secured to
the aluminum T bar frame of the apparatus, via screw points within the mounts. The
chamber is held firmly in position with the use of two plastic straps, the ends of which are
secured to the aluminum T bar frame. Additional zip ties are used to avoid rotation of
the chamber on its smooth mounts.
All five ports of the main chamber are utilized. The dust injector is seen attached to
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the top of the chamber. Electrical connections may be seen leading to the pulsed power
supply. Additionally, two swagelok valves are connected to each side of the injector. One
enables the injector chamber to be evacuated to chamber vacuum, while the other enables
it to be pressurized with gas.
Moving clockwise around the main chamber, a view port is attached, such that the laser
sheath (Section 4.4.4) may pass through the chamber. Next, a needle valve is attached on
the bottom right of the chamber. Connected to pressurized gas, this allows the chamber
pressure to be finely adjusted to +/- 1 µTorr. Next, Connected to the bottom left of the
chamber is a stainless steel compression valve, which fits to a swagelok. When closed, this
separates the top dust injector chamber, from the main chamber. Conversely, the injector
chamber pressure and main chamber pressure may be equalized when this valve is open.
Finally, the most complex portion of the test chamber is located to the left of the main
chamber. Two Tee’s are attached here. The outermost Tee connects the cold-cathode
pirani gauge, utilized for vacuum measurement and the second 2.75" view port which caps
the end. The innermost Tee connect the vacuum chamber to the pump (Section 4.4.3)
through a series of connections.
From top to bottom, a butterfly valve is used for the ability to conveniently and
quickly halt pumping in the main chamber. Secondly a CF 2.75" extension is used in
order compensate for the length of the pump connection. Afterwards, a flexible connect is
attached. This connection helps to both compensate for alignment error in the pumping
connection and to decouple vibrations from the pump to the rest of the vacuum system.
Next, a pneumatic gate valve is used, which serves as protection for the turbo pump. The
gate valve may be manually closed by removing power, or will automatically close in the
event of a pressure decrease in the gas line, indicating a leak in the system. Finally, two
adapters are used: a CF 2.75" to CF 4.5" is connected with a CF 4.5" to ISO K 4.5" which
connects to the turbo pump.
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4.4.2 High Speed Camera
The Chronos 1.4 high-speed camera, developed by Kron Technologies Incorporated, is
utilized as the camera for this experiment. It is mounting on a screw, secured to a
steel slotted angle iron, positioned in front of the main chamber window (see figure 4.14).
Software version 3.1 was utilized during data acquisition. The camera has a monochromatic
image sensor, allowing a maximum resolution of 1280x1024 @ 1057 fps, with a maximum
frame rate of 38500 fps. 12 bit raw video data was recorded with a lens having: 6-60 mm
focal length and F-number = 1.6.
4.4.3 HiCube 80 Vacuum Pump
The HiCube 80 is a self contained high vacuum pump system, developed by Pfeiffer Vacuum
GmbH. It contains both a turbo and roughing pump which are controlled and monitored
via electronic display. The turbo pump has an ultimate pressure of 7.5× 10−8 Torr, which
allowed the vacuum chamber (Section 4.4.1) to reach pressures on the order of 10−6 Torr.
4.4.4 Laser Sheath
A simple and inexpensive laser sheath was built in order to track dust particles which
are released from the dust injector. The system consists of a simple optical rail, a laser
with two mounts, an iris, and a specific cylindrical diverging/converging lens pair with
cylindrical lens holders and mounts. The Hughes 3225H-PC, 10 mW, 632.8 nm helium-neon
laser is used for this experiment. Figure 4.15 illustrates the laser sheath setup.
Setting up the laser sheath is a simple exercise in geometric optics. Figure 4.16
illustrates the relevant dimensions of the beam. Ideally, we wish for the focal points of the
initial and spread beam (outgoing beam) to be at infinity. Thus, we design the system
with this assumption, simply placing lens 2 at the focal point of lens 1 in order to offset
the diffraction needed to widen the beam.
Utilizing similar triangles, the following relationship between the focal lengths of the
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Figure 4.15: Laser Sheath Optics Train






where, r0 and rs are the respective initial and scaled beam radii in the plane and f1 and
f2 are the lens 1 and lens 2 focal lengths respectively.
Focal lengths of lenses 1 and 2 were chosen such that the initial beam of 1 mm radius,
would expand to the approximate radius of the CF 2.75" chamber view port. Also, small
lenses were desired for cost efficiency. Ultimately, the focal lengths of lenses 1 and 2 where
chosen to be 3.9mm and 60mm respectively. A laser sheath width of 30 +/- 1 mm was
measured.





A full characterization of the dust injector is required for dust injection experiments
we wish to conduct on STOR-M. Two key pieces of information are required for this
characterization. First, we require information on the shape and location of the dust
plume, as it evolves with time. Second, the total injected mass of tungsten dust is required.
Additionally, the amount of gas injected must be quantified. Figure 5.1 illustrates the
data acquisition method, which will allow us to perform this characterization.
The dust injector is electrically triggered in order to begin dust injection into the
vacuum test chamber. This electrical trigger for the dust injector is also shared with
the camera trigger. As a result, the first recorded frame of the camera corresponds to
the initial motion of the dust injector piston and thus the start of dust injection into
the vessel. Dust particles are not observed in the experiment until they reach the laser
sheath. The top of the laser sheath is located a distance, hs ( = 0.14 cm) below the dust
injector screen. As particles travel through the laser sheath, scattered light is detected by
the camera. A recording duration is chosen to be long enough (370 ms), such that dust
particles are no longer found to be falling within the last recorded frame. Close to the
end of recording, particles left within the frames have reached the bottom of the chamber
and can be seen ricocheting back into the laser sheath. The plume may essentially be
reconstructed from the observed trajectories of individual particles within the laser sheath
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over the duration of the plume (t1 - t2). The extracted velocities of particles crossing the
laser sheath, yield the basic structure of the plume at any time, assuming evolution of
each particles under free fall. From this, the plume width and vertical location given by
h1 and h2 may be determined. Furthermore, particle count data may simply be used to
determine the total injected mass, assuming spherical tungsten dust particles.
Figure 5.1: Data Acquisition Scheme for Dust Injector Calibration. The details of the
test apparatus optical system in Figure 4.14 are shown.
5.2 Micro Machined Tungsten Dust
Micro-machined, spherical tungsten powder will be utilized to simulate reactor dust in the
foreseen experiment using STOR-M. This powder was produced by Tekna Plasma Systems
Incorporated and is graciously provided by our collaborators at the French alternative
energies and atomic energy commission (CEA), Cadarache, France.
The size distribution of dust particles must be determined in order for meaningful
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statistical analysis of injected particles to be conducted. In order to do this, a sample
of tungsten dust was prepared for electron microscope imaging. Firstly, a small amount
of dust was suspended colloidal in an alcohol solution with a syringe. Secondly, this
solution was then injected onto a sample slide and left to dry. Utilizing the Hitachi
SU8010, FE-SEM at the University of Saskatchewan, multiple images were taken of the
tungsten dust sample. Figure 5.2 shows a characteristic, sample image. Unfortunately,
micro-particle tungsten dust is dense and sticky enough that it tended to cluster together
when it was injected onto the sample slide. Due to the overlap in particles on the sample
slide, manual tracking was required.
Utilizing ImageJ software [83], The diameter of 1,842 tungsten particles were manually
measured. The resulting data was fit to a log-normal distribution illustrated in figure 5.3.









Here, s represents the diameter of dust particles. µd ( = 2.979) and σd ( = 0.265) are
respectively the log-normal distribution parameters, related to the mean and standard
deviation. If you were to take the exponential of these parameters, they would have units
of µm.
5.3 Theory of Particle Tracking Velocimetry
Particle tracking velocimetry (PTV) is utilized in order to detect and subsequently trace
the trajectories of countably many particles, with particular features. In general, a PTV
algorithm must first define the objects, comprised of pixel clusters within the image frame,
which it is looking for. In the the case of trackpy, which is used for this experiment,
multiple variables enable the identification of objects with various brightness and size
characteristics, possibly taking into account noise considerations in the data [26, 84].
Once the detection specifications have been set, the PTV algorithm effectively tries to
find where particles in the current frame were located in the previous frame. This serves
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Figure 5.2: SEM Image of Tungsten Micro Particles
Figure 5.3: Size Distribution for Tungsten Dust.
to establish particle trajectories and is accomplished via an algorithm based on nearest
neighbour detection [84]. For this reason, particles should not move much from frame
to frame, as the algorithm is designed to detect small changes in position. In the case
of trackpy, more sophisticated detection is enabled by identifying an associated velocity
62
with the mapped trajectory. Multiple variables may also be tuned for enhanced trajectory
mapping, including: desired velocities, particle counts, particle separation, particle edge
contrast and number of sightings to constitute a valid trajectory. Additionally, the
algorithm may allow for particles to be missing in a few intermediate frames, while still
producing an accurate trajectory.
5.4 Dust Injection Reconstruction
5.4.1 Particle Detection
12 bit tiff images, reconstructed from raw data captured by the camera, must first be
preprocessed in order to optimize the feature detection process, implemented using Trackpy.
The camera zoom, focus and distance from the laser sheath are all fixed in the dust injection
experiment, thus all image frames have the same spatial calibration factor of 16.5 µm/pixel.
Initially, images are found to posses background noise due to miscellaneous reflections
within the vacuum chamber. The dust particles also appear slightly elongated in the
direction of motion, due to the length of exposure time. This elongation serves to increase
the apparent size of dust particles, allowing detection of particles which may otherwise be
undetected.
With the use of a Gaussian filter, the noise found in the original images is smoothed.
In order to implement a Gaussian filter for image processing, we must discretize the
two-dimensional Gaussian function. As a result, the Gaussian filter matrix elements are










where, σ is the standard deviation, x and y are respectively the discrete horizontal and
vertical coordinates of the image frame pixels. In the context of image analysis, G is
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known as the kernel. The Filtered image is defined by the following convolution [85]:






where, Fij represents the filtered matrix elements, G represents the image kernel matrix
and I represents the original image matrix. Note that n and m respectively correspond
the the number of rows and columns in the kernel. As the Gaussian function is technically
non-zero over its domain, the kernel matrix is theoretically infinitely large. However,
impact of the kernel is only relevant in practice to within a few σ. Thus, the size of the
kernel is finite and may in fact be relatively small compared to the image. As is required,
this operation results in a filtered image with the same size as the initial image.
When choosing a Gaussian filter, the correct choice of σ is very important. Image
filtering should be impactful enough to eliminate so called “salt and pepper noise", while
not so overwhelming as to blur the dust particles which are being tracked. Figure 5.4
shows a comparison between the unfiltered image and various values of σ.
This smooth noise level is a drastic improvement to the original, due to the fact that
it suppresses the intensity of peaks in the noise, which have comparable intensity to the
dust particles we wish to track. The use of a longer exposure time (without saturation) is
justified due to the enhanced particle brightness, improving detection. If the exposure
were set too low, dust particles may be missed entirely. Finally, a binary threshold is
applied on top of the Gaussian filtered frames, allowing for much easier particle detection
by the algorithm. Figure 5.5 illustrates the results of this preprocessing routine.
Particle tracking is implemented on the processed, binary frames. The results of particle
tracking are illustrated by Figure 5.6. During the tracking process, there are a few errors
which regularly occur. Some of these are a result of noise which is still present in the
data. As a consequence, the algorithm may detect a dust particle where none are present.
This may be corrected by only considering particle trajectories which are linked through
at least three consecutive image frames. Furthermore, the vertical velocity component of
particle trajectories, must be at least as great as a particle falling under free fall, with zero
initial velocity. This is due in part to the fact that particles do not appear to interact once
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Figure 5.4: Effect of σ on Image Filtering. The unfiltered image is represented by, NF.
Gaussian filtered images with σ value of 1,2 and 3 are shown. Here it is found that σ = 2
has the best trade off between noise reduction and particle contrast against the
background.
injected past the screen. This may be explained due to the fact that dust particles are
injected in sufficiently low numbers, such that they take up very little space within the test
chamber. Along with the small size of dust particles, this results in an associated small
collision cross section. This is seen in the final trajectories of particles, as they appear to
follow straight lines within the illumination of the laser sheath. These trajectories are truly
parabolic arcs when the entire trajectory is visible, validated by the plume reconstruction
in Figure 5.11. Also, friction was found to be negligible as the Epstein drag force on dust
particles was multiple orders of magnitude smaller than gravity.
There is also error due to counting multiple close particles as one unique particle.
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Figure 5.5: Processing Scheme for Dust Particle Tracking Data. Dust particles are
shown, illuminated from the light of the laser sheath. The top image illustrates 12 bit raw
image data collected during the experiment. Upon application of a second order Gaussian
filter, the middle image is attained. The bottom image shows the effects of an applied
binary threshold to the middle image. Tracked particles are circled in red.
This error is magnified as higher numbers of particles appear within the frame. In order
to combat this, a count correction factor is established based on the intensity of light
collected by the camera. The details of this correction factor are given in Section 5.5.
5.5 Reconstruction Analysis
5.5.1 Calibrating Particle Count
In order to gauge and correct for systematic error in particles detection, the intensity
profiles of images taken may be utilized to accurately determine the number of particles
on screen. In order to use this method, the intensity profile must map to a particle count.
To obtain proper statistics, this operation will be interested in finding the intensity profile
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Figure 5.6: Particle Tracking Efficiency. The fall of dust particles within the laser sheath
is shown over five sequential frames, ordered from top to bottom. The frame rate is 2162
fps. Here we notice that particles generally appear to move small amounts between frames
and are detected appropriately. Tracking error is still present in the form of detected black
regions and multiple particles contributing to a single detection, when particles are very
close. This effectively results in the under counting of particles within the laser sheath.
Section 5.5.1 describes the correction technique implemented to circumvent this error.
within the frame, during a particular time interval.
A manual particle count was conducted, yielding Figure 5.7, where x represents the
horizontal position across the field of view of the camera. From this count, a metric was
obtained for the number of particles crossing through the laser sheath. The count was
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conducted over a 100 frame interval, utilizing particles found over the entire region of the
frame. The normal distribution function obtained was then fit to the average intensity
profile obtained during the same time interval. Figure 5.8(a) illustrates the correlation
between particle number and intensity, with a normal distribution fit, utilizing the same µ
(average) and σ (standard deviation) as in Figure 5.7.
Figure 5.7: Manual Count and Normal Distribution Fit for Falling Dust Particles.
µ = 705 pixels and σ = 140 pixels. Here, µ is found to corresponds with the center
position of the cylindrically symmetric dust injector. Injector voltage was set at 400V with
a chamber pressure of 10−5 Torr. The 10 µm screen was utilized. Particle contribution is
from frames 300 to 400 at 2162 fps. 195 particles were counted in this figure with 32 bins.
The amplitude and offset of the intensity distribution change with time, as varying
amounts of light illuminate the screen. Furthermore, changing injector voltage and pressure
also change the amplitude and offset of the intensity profile. Though, for the same screen
size, µ and σ are constants. This is illustrated by Figure 5.8(b). The light intensity
distribution seen by the camera is described by the Gaussian fit as follows:










Here, A(t) is a time dependant amplitude, which changes as more particles pass into the
cameras field of view. Cbl represents the increase in background light, as a consequence of
increased reflection from a greater number of injected particles. Comparing Figures 5.7
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and 5.8(a), we deduce a simple, though key calibration factor. For a 30 unit peak average
pixel intensity, using the 10 µm screen, approximately 200 particles have passed through
the laser sheath in a 100 frame (46 ms) time interval. In other words, every 30 units of the
peak pixel intensity corresponds to an average particle flow rate of 20046 particles/s on the
recorded interval. Utilizing this result, it is possible to correct the count of the tracking
algorithm, via cross referencing the light intensity captured by the camera.
Figure 5.8: Fitted Intensity Distribution. µ = 705 and σ = 140. The following intensity
values are averaged over the laser sheath. The camera intensity ranges from 0 to 216,
utilizing 212 possible values within this range. The fluctuation seen in the Intensity data
result after averaging the vertical pixel brightness for each x value. When intensity is
plotted against x, data points do not connect smoothly due to random background noise
fluctuations found across the screen. The following data was collected with the 10 µm
screen.
a) Injector voltage was set at 400V with a chamber pressure of 10−5 Torr. Contribution
from frames 300 to 400 at 2162 fps.
b) Injector voltage was set at 450V with a chamber pressure of 10−5 Torr. Contribution
from frames 400 to 500 at 2162 fps.
Light intensity based measurements are proportional to the reflected area of particles.
As a consequence, injector screens require different intensity calibrations, based on the
mean diameter of particles allowed to pass through. The calibration factor may be
determined for any secondary screen, by multiplying the 10 µm screen calibration factor











Here, Ā10µm and Ā2 are the average reflected areas of particles let thought the 10 µm and
secondary screen respectively and s̄10µm and s̄2 are the average diameters of particles let
thought the 10 µm and secondary screen respectively. This results in increased particle
count for average dust diameters smaller than 10 µm and visa versa for diameters greater
than 10 µm.
5.5.2 Particle and Gas Injection
A subroutine has been devised, which takes as input, the trajectory data from tracked
particles in Section 5.4. For each unique particle trajectory, averages are computed for
the vertical velocity and radial position (r), where r = 0 along the center axis of the
dust injector. As there remain particular instances of miscounted particles in the data,
a threshold value for particle velocity is set. This value ensures that particle velocities
in the sheath are at least as great as free fall velocity entails. Additionally, a simple first
order forward difference method is utilized for the algorithms velocity calculations. Based
on the agreement between reconstructed data in Subsection 5.5.3 and visually inspected
raw data, this is deemed to be sufficient. Velocities and radial positions are then binned
according to the time interval they are found present within the laser sheath.
Vertical velocity measurements are rather straight forward. The average of the velocity
distribution of particles varies slightly for different screens and injection voltages/pressure
configurations, though is generally found to be peaked at approximately 1.8 m/s. This
value is found to be consistent for both PTV data and manual tracking data. Due to
the positioning of the screen above the laser sheath, this velocity indicates that free fall
conditions are enough to describe the particles velocity, possibly with a small boost from
the dust injector piston. In contrast to the aforementioned simplicity of particle velocities,
the radial distribution of particles requires a slight correction.
Assuming a conical symmetry of the dust cloud, predicated on the cylindrical symmetry
of the dust injector, the total number of particles injected may be determined from those
observed in the laser sheath. For particles observed at various radii, the total number of
particles scales proportionally to the ratio of the total area to the observed area, illustrated
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in figure 5.9. Here, the scaling factor (S) for the area of the dark blue line which is not
contained within the laser beam is simply:
S = 2π2θ =
2π




where, θ is the angle extended from the center of the dust plume to the beam width, w at
radius r. The beam width is relatively thin at 2 mm, making it an order of magnitude
smaller than the diameter of the dust cloud passing through the laser. For this reason, the
small angle approximation is justified in equation (5.6).
Figure 5.9: Dust Cloud Top View
Upon implementation of radial particle scaling, it is possible to determine the total
number of injected particles into the test chamber. This is encapsulated by an original
count. Upon implementation of the intensity based correction methods in Section 5.5.1,
the corrected particle count may be determined. A substantial difference between the two
counts is illustrated in figure 5.10. Table 5.1 shows a summary of the results for injected
dust mass using various dust injector parameters.
Data was also collected in order to calibrate the gas puff during dust injector operation.
By closing the gate valve on the test chamber, just before triggering the dust injector, an
injection pressure was recorded. For an extreme case, where the dust injector voltage is
set to 450 V at either 10−4 or 10−5 Torr, the injection pressure was found to be 20 mTorr.
The pressure measured in the test chamber can be converted to an equivalent pressure
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Figure 5.10: Temporal Evolution of Dust Particles Present in the Laser Sheath. The
following data was produced from the average of the particle count, taken over eleven
experiments in order to produce viable statistics for a single injection. The time in
seconds may be determined on the horizontal axis, through division by 2162. Here, the
results of particle counting before and after camera intensity correction are illustrated
respectively as Original and Corrected. The correction is done for frames within the time
interval of the bins plotted. Light intensity is only found to be required for the highest
particle influxes, seen between bins 400 - 500. The total number of measured particles in
the Original data and Corrected data are found to be 2268 and 4510 respectively. Thus,
the correction shows an initial under counting by a significant factor of 2 times (utilizing
the 10 µm screen at 400V).
in the much larger volume of STOR-M. This may be simply computed using the ideal
gas law [86], considering constant temperature and injected number density. Given the
test apparatus and STOR-M chamber volumes respectively as, 4 L and 218 L, a pressure
increase of 0.37 mTorr is computed for STOR-M. This is found to be acceptable, as the
pressure increase is of the same order of magnitude as that produced by fuel injectors
currently outfitted on STOR-M.
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Table 5.1: Injected dust mass for various combinations of dust injector voltages and screens. Green highlights conditions which are
possibilities for experiment in STOR-M, without plasma quench. Red outlines conditions where quench of the STOR-M plasma is
expected, due to excessive dust injection.
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5.5.3 Reconstruction of the Dust Plume
In order to determine the structure of the dust plume, another subroutine, complimentary
to that in the preceding Subsection has been devised. The algorithm employed is based on
the same analysis of the original particle tracking data, used in determining the number of
injected particles. However, unlike the previous subroutine which effectively measures and
outputs the injected particle count, this algorithm extrapolates particle positions from
there initial injection to an arbitrary time, simply assuming gravity as the only active
force. In order to construct this relatively simple simulation, the velocity and time of
arrival of particles in the sheath must both be utilized.
Considering the velocities of observed trajectories, the initial velocity of any dust
particle may be determined as follows:
vy0 =
√(
v2y − 2g(y + hs)
)
, (5.7)
vx0 = vx, (5.8)
where, vx0 and vy0 are the respective horizontal (x) and vertical (y) initial velocities of
dust particles, vx and vy are the respective average velocities of particles within the laser
sheath at the corresponding (x,y) coordinate within the laser sheath, g is the acceleration
due to gravity and hs (= 14 cm) is the height of the dust injector screen above the laser
sheath.
The injection time of a dust particles into the test chamber (t0) may be determined as
follows:
t0 = t− tfall, (5.9)
where, t is the time which has passed since the dust injector trigger and tfall is the time
it takes for the particle to reach the laser sheath, based on the vertical velocity it was
observed traveling at within the laser sheath and the inferred initial velocity. tfall is















Knowing both the injection time and initial velocities of particles enables the determi-
nation of the dust plume at an any time during it’s evolution. The dust plume may be
visualized by overlaying the parabolic paths of all particles on a single plot window at any
time. Cycling through times from the dust injector trigger to 370 ms afterwards, where
the bottom of the dust plume passes the bottom of the laser sheath, results in a video
recreation of the dust injected into the test chamber. The laser sheath itself is found within
the vertical range of 14 cm to 15.9 cm. As seen in Figure 5.11, the dust plume reaches the
top of the laser sheath between 74 and 148 ms, which agrees with the time dust enters the
frame in experiment. Large amounts of dust are seen within the laser sheath around 222
ms, which agrees within the time range of 208 - 231 ms, in which the maximum number
of dust particles are observed. As previously mentioned, the final dust particles pass the
laser sheath at 370 ms, where the dust plume is fully formed and detached from the dust
injector located at (0,0). Finally, the time at which the center of mass of the dust plume
reaches the center of the STOR-M tokamak is numerically determined, as shown in Figure
5.12.
5.5.4 Dust Injection Statistics
In order to determine the effects of tungsten injection in STOR-M, we are interested in
injecting a precise mass of particles. In addition, the effective mass injection rate should be
of order, no more than 1 mg/s [48]. From this injection rate, a maximum injected mass may
be inferred for a typical 35 ms STOR-M discharge. Simply multiplying maximum injection
rate, by the plasma lifetime, we find a maximum injection mass of 35 µg. Considering
this is an approximation, total injection masses on the order of 10−5 g will be taken as an
upper bound for particle injection.
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Figure 5.11: Dust Plume Evolution in Time. Individual particles detected over eleven
experiments are superimposed on the same plot window at the various times they are
found to be injected. Here, we can see that a dust plume manifests as a simple result of
the proximity of multiple non-interacting dust particles injected by the dust injector.
Relevant dimensions, such as the dust plume width and height may be read from the
figure at various times after injection (shown in the upper left hand corner of each
subplot).
As expected, when dust is injected, the dust injector screen serves to reduce the
maximum particle size. Each screen used in the dust injector will thus have a new
size distribution function. This new distribution is equal to Af(s) over the domain
of dust particle diameters allowed through the screen and is zero everywhere else. f(s)
representing the log-normal dust distribution function given in equation 5.1. The associated
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Figure 5.12: Centering The Dust Plume within the STOR-M Tokamak. Here, the red
line indicates the position of the center of mass of the dust plume. This position is found
to coincide with the center of the tokamak, located at 41.1 +/- 0.4 cm from the dust
injector at time, t = 298 +/- 3 ms after dust injection. In this setup the dust injector is
mounted on a vertical port, 24 cm in height.













where, smax is the maximum particle diameter allowed through the screen. Note, that
the integral on the left of equation (5.12) is effectively the cumulative distribution function
(CDF) of the log-normal distribution. Once A has been determined, the average size of




































From Figure 5.2, it is clear that most of the dust particles are indeed spherical, to a
good approximation. As the spheres are made of pure tungsten, they each have a constant






where, ρt is the density of tungsten.
Finally, the total average injected mass (mtotal) may be determined by considering the
total number of particles injected through the screen (Nd) as each having the average
mass, mavg, allowed for that screen. This is expressed as follows:
mtotal = Ndmavg, (5.18)
The error in this method reduces with increasing particle count, as it is likely the particles
of higher mass offset the contribution of those with lower mass.
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Chapter 6
Conclusion and Future Work
6.1 Conclusion
Dust particles generated by PWI against PFC’s inside tokamaks generally have an adverse
effect on the confined fusion plasma. In order to solve problems associated with dust
in tokamaks, a dust injection experiment has been proposed for STOR-M. In order to
prepare for this experiment, many new pieces of equipment were designed and built.
A new dust injector piston has been designed, machined and installed in the CT fast
gas valve. This new configuration of the gas valve is referred to as a dust injector. The
dust injector is capable of injecting both solid and gaseous material into STOR-M via
electronic trigger. This trigger signal is provided by the pulsed power supply, which was
designed based on the CT gas puffing fast bank. The pulsed power supply current pulse is
shown to be a critically damped waveform, with a full width half maximum of 0.3 ms. As
the dust fall time is on the order of 100’s of ms, any trigger delay from this waveform is
considered negligible.
As tungsten (W) is a promising candidate for PFC’s in many tokamak designs, micro
machined, spherical W-25 dust from Tekna Plasma Systems Incorporated was chosen
for this experiment. The Hitachi SU8010, FE-SEM at the University of Saskatchewan
was used to image a representative sample of these dust particles. It was determined by
measuring the sizes of 1,842 W dust particles, that their size distribution fit well to a
lognormal distribution with parameters µd = 2.979 and σd = 0.265. This results in a mean
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particle diameter of 20.4 µm for unfiltered dust particles.
A test apparatus has been designed, constructed and utilized for characterization of
the dust injector. The center piece of this apparatus is the test vacuum chamber, which
can operate down to µTorr pressure ranges. This pressure is achieved with the use of the
HiCube 80 vacuum pump. The chamber gas pressure may be adjusted with the use of a
needle valve and monitored with a Kurt J. Lesker, cold-cathode Pirani gauge.
Mounted vertically at the top of the test chamber is the dust injector. Directly
underneath the injector, a 3.0 cm wide laser sheath is directed through the symmetric,
horizontal view ports of the chamber. This serves to illuminate tungsten dust particles
which pass through the laser sheath after injection, via the scattering of laser light. In
order to observe these injected dust particles, the Chronos 1.4 high speed camera was
focused on the center of the laser sheath. The camera exposure duration is set low enough
such that pixels are not saturated, though high enough that smaller dust particles are
observed in the frame. Image frames have been recorded in this experiment at 2162 FPS
with 6 dB gain. Particle elongation as a result of slight over exposure at these settings is
found to be advantageous for dust particle identification, as small dust particles appear
clearer within the frame.
The dust injector requires a mesh screen as part of its design, in order to control the
mass of particles entering the vacuum chamber. Four different screens were tested for the
dust injector, including sieve sizes of 5, 10, 14 and 20 µm’s. For each individual screen, a
calibration experiment was conducted. The experiment consisted of firing the dust injector
11 times at an injector pressure of 296 kPa, within the aforementioned test apparatus at
injection voltages of 350, 400 and 450V for chamber pressures of 10−5 and 10−4 µTorr.
Here, the camera and the dust injector share a common electrical trigger, ensuring proper
timing of dust injection and data collection.
In order to track dust particle trajectories a PTV algorithm was developed. Firstly,
the algorithm applies a Gaussian filter to 12 bit raw image frames, captured by the camera
during the calibration experiment. A threshold is then set to produce binary images,
simplifying the task of particle identification. Trackpy is then used in order to map dust
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particles between successive image frames and subsequently determine their trajectories.
From these trajectories, the velocity and spatial distributions of particles passing through
the sheath during certain time intervals after dust injection are determined. Additionally,
the average vertical velocity of particles found within the laser sheath is 1.8 m/s and this is
not found to change significantly based on the injector parameters or screen. Furthermore,
it is apparent from this data that free fall conditions are sufficient to explain the trajectory
of particles observed in the laser sheath, with the addition of a small initial velocity, from
the dust injector piston.
In order to determine the position of the dust plume dispersed from the dust injector
at any arbitrary time after injection, the known trajectories of particles in the laser sheath
are once again utilized. Since the dust injector and laser sheath positions are fixed, the
initial velocities and injection times of dust particles relative to the injector trigger may be
calculated with the assumption that gravity is the only active force. Based on this model,
the dust plume is determined to reach the center of the STOR-M tokamak within an error
range of +/- 0.4 cm at time, t = 298 +/- 3 ms after dust injection.
The total number of injected dust particles may be determined by considering the
depth of field illuminated by the laser sheath and assuming conical symmetry of the
dust plume. With this scheme, one may determine the fraction of dust particles which
were not observed and scale the number of counted particles appropriately. Additionally,
the average brightness of pixels across the camera frame was determined to be directly
proportional to the number of injected particles. Thus, the PTV particle count may be
corrected using this data. Finally, the total injected mass of particles is determined by
multiplying the corrected number of particle observations by the average mass allowed
through the dust injector screen. In the case of the 10 µm screen, the total injected mass
was found to be 35 µg. This is theorized based on evidence from dust experiments in other
tokamaks, to be on the threshold of injected dust particle mass which can be delivered
into STOR-M, without total plasma disruption.
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6.2 Future Work
Two primary setups are prepared for dust injection in STOR-M:
1. The dust injector will be mounted to a vertical port on the STOR-M tokamak. The
dust injector will then be automatically triggered with appropriate delay, allowing
for the desired W dust positioning within the tokamak. Normal CT injection may
then be implemented.
2. The dust injector will be mounted to a vertical port of the CTI. W dust and gas
may then be injected during CT formation. The resulting CT may then deposit dust
directly into the core of the active STOR-M tokamak plasma.
Figure 6.1, illustrates the intended experiment in STOR-M.
Figure 6.1: Proposed Dust Injection Experiment in STOR-M
Utilizing the light produced by the STOR-M discharge, we wish to track injected dust
particles using the Chronos 1.4 high-speed camera. From this, we will be able to explore
the effects of dust on plasma quality and stability, depending on the injected dust mass and
location of dust particles within the tokamak. Due to the dust injector calibration analysis
82
in Chapter 5, mass and initial position of dust particles are controlled variables, thus the
time evolution of dust particles within the tokamak may also be observed. Phenomena
related to the various forces on dust particles and even plasma self cleaning [87] may be
explored.
Dust particles are not noticeable under regular STOR-M operation, though a control
experiment to determine background light intensity and other potential background
particles will be implemented. This is simply accomplished by recording a normal STOR-
M discharge with and without CT injection using the Chronos 1.4.
The initial dust injector parameters for the experiment in STOR-M have been deter-
mined from the characterization data in Chapter 5. The 10 µm screen has been chosen as
the initial dust injector screen to be used on STOR-M. This is due to the 35 µg average
injected mass of W dust determined to be filtered through the screen, which is within the
target injection mass limit given by [48]. In order to achieve this mass of injected dust, the
dust injector must operate at 400V with a fixed dust injector pressure of 296 kPa at test
chamber pressures within the range of 10−4 - 10−5 Torr (STOR-M’s operating pressure).
Current hydrogen gas puffing in STOR-M must respond on the order of ms for
effectiveness. Due to the delay in dust injection, the dust injector gas puff will not serve
to fuel the tokamak plasma.
Based on simulated data, which agrees with experimentally observed results from raw
data, the position and evolution of the dust particle plume may be tracked in STOR-M.
In particular, the center of mass of the dust injector plume is determined to reach the
center of STOR-M within an error of +/- 0.4 cm, 298 +/- 3 ms after the dust injector
trigger (utilizing the 10µm screen). This model of the dust plume enables us to gauge the
initial condition of dust dispersed in STOR-M before plasma breakdown and analyze dust
particle dynamics resulting from plasma interaction.
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